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The transbilayeraminophospholipiddistributionsin smallunilamellarvesiclescomprisingof phosphati-
dylethanolamineor itsanalogs(bearingmodificationsin thepolarheadgroup)andeggphosphatidylcholine
wereascertainedusingtrinitrobenzenesulfonicacidasexternalmembraneprobe.Thesevesicles,containing
10-30 mol%phosphatidylethanolamineor its analogs,wereformedby sonicationand fractionatedby
centrifugation.Phosphatidylethanolamineat low concentrations(10 mol%)preferentiallylocalizedin the
outermonolayer.Thispreferenceappearedtobereversedathigherphosphatidylethanolamineco centrations
(30mol%).Unlikethisfinding,phosphatidylethanolaminebearingethyl,phenylandbenzylsubstituentsatthe
carbonatomadjacento the aminogroupdistributedmainlyin theoutersurfaceirrespectiveof their
concentrations.Similarresultswereobtainedwhenthephosphateandaminogroupswereseparatedbythree
methyleneresidues.These observationsuggestthat the effectivepolar headgroupvolumeand/or
hydrogen-bondingcapacityof phospholipidsaretheimportantfactorsthatdeterminetheirdistributionin
smallunilamellarvesicles.
Introduction
Presumably,differentialfunctionsof the two
surfacesofbiologicalmembranesdictatetheasym-
metricdistributionof variousmembranecompo-
nentsin thetwobilayerhalves.While thisasym-
metryis absolutefor membrane(glyco)proteins
[1,2],only partialasymmetryhasbeenobserved
for membranephospholipids[3-5].It is,however,
notyetclearastohowthiscomponentasymmetry
in membranesi generatedandmaintained.
To understandtheintermolecularinteractions
thatmightinduceformationof asymmetricphos-
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pholipidbilayers,smallunilamellarvesiclescom-
prisedof binarymixturesof phospholipidshave
beenwidelyusedas modelsfor biologicalmem-
branes[6-13].It hasbeenreported[6,7]thategg
phosphatidylethanolaminei egg phosphatidyl-
choline(eggPC)/egg phosphatidylethanolamine
vesiclesprefersto localizein theoutermonolayer
at low phosphatidylethanolamine(PE) concentra-
tionsand in the innermonolayerat highercon-
centrations.Phosphatidylserinein smallunilamel-
lar vesiclescontainingPC alsoprefersthe inner
monolayer[8],at leastat low phosphatidylserine
concentrations[I n This behaviour of the
aminophospholipidshasbeenrationaIisedin terms
of thechargeandpackingpropertiesof theirpolar
headgroups[8].
In orderto gaina betterunderstandingof the
factorswhicheffectthetransbilayerarrangement
of phospholipids,we haveanalysedtheeffectof
2alteredpolarheadgroupof PE on its transbilayer
distributionin cosonicatedmixturesof PE andegg
Pc. The alterationsin the PE headgroupwere
affectedby introducingapolarsubstituentsat the
carbonatomadjacento theaminogroup(7c-7e,
Fig. I) orbyincreasingtheP-N distance(7b).The
transbilayerdistributionsweredeterminedusing
trinitrobenzenesulfonica id (TNBS) as external
membraneprobe.The resultsof thesestudiesre-
vealed that phosphatidylethanolamineshaving
largereffectivepolarheadgroupvolumepreferto
localizein theoutermonolayerof smallunilamel-
lar vesiclesbilayerirrespectiveof theirconcentra-
tions.
MaterialsandMethods
Materials
All thereagentsandchemicalsusedin thestudy
wereof thehighestpurityavailable.D-Mannitol
was obtainedfrom Indian Drugs and Pharma-
ceuticalsLtd., Hyderabad.Palmitic acid was
purchasedfromLoba ChemieIndoaustranalCo.,
Bombay. Dicyclohexylcarbodiimide,N,N-di-
methyl-4-aminopyridine,3-aminopropanol,2-
aminobutanol,2-amino-2-phenylethanol,2-amino-
3-phenylpropanol,1,4-diazabicyclo(2,2,2)octane
and diisopropylethylaminew reboughtfromAl-
drichChemicalCompany.[14C]lodomethanewas
fromBhabhaAtomicResearchCentre,Trombay.
SephadexLH-20 (25-100ILmbeads)andBio-Gel
A-50m (100-200ILm beads)wereboughtfrom
PharmaciaFineChemicals,Uppsala,Swedelland
Bio-RadLaboratories,Richmond,California,re-
spectively.Silicagel (60-120mesh)and Dowex
50WX 8 were obtainedfrom Sisco Research
Laboratories,BombayandBakerChemicalCom-
pany,Phillipsburg,NJ, respectively.Silicagel60F-
254(0.25mm thickness,20X 20 cm)pre-coated
plastic sheetswerepurchasedfrom E. Merck,
Darmstadt,F.R.G.
Generalmethods
Purity of variouscompoundswas routinely
checkedby TLC usingSilicagelG-60plates.For
phosphatidylcholineand phosphatidylethanola-
mine(7a),TLC platesweredevelopedin chloro-
form/methanol/water(65:25:4, vIv) and the
spotswereidentifiedafterstainingtheplatewith
iodinevaporsfollowedbymolybdenum-bluespray
[14] while in case of modified phosphati-
dylethanolamines(7b-7e, Fig. I), chloroform/
methanol/water(70:15:2,vIv) wasusedasTLC
solventsystem.Purificationof phospholipidswas
carriedoutonSephadexLH-20column(2.5X 100
cm)usingchloroform/methanol(1: 1,v/v) asthe
eluant[15]and in someinstancesby preparative
TLC. Total phosphoruswas estimatedby the
methodof AmesandDubin[16].
All thecompoundswerecharacterizedby in-
fraredandNMR spectroscopy.The infraredspec-
trawererecordedin Perkin-Elmer-IR-I77Grating
infraredspectrophotometerandNMR spectrawere
recordedin a Perkin-ElmerR-32 NMR spectro-
photometer.Resonances(8) in theNMR spectra
is givenin ppmdownfieldfromtetramethylsilane.
The assayof radioactiveisotopeswascarriedout
in a PackardTricarb3330liquidscintillationspec-
trometerwith 2,5-diphenyloxazole(4.0g), 1,4-
bis[2-(4-methyl-5-phenyloxazolyl)]benzene(0.2g),
2-methoxyethanol(500ml) and toluene(500ml)
asthescintillator.
".
Preparationsofphospholipids
EggPC wasisolatedaccordingto thepublished
procedure[17]andegg[Me-14C]pC(25ILCijILmol)
waspreparedaccordingto Gupta and Bali [18].
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolami-
ne(7a,Fig. I) anditsanalogs(7b-7e,Fig. I) were
preparedfromD-manrutol.A briefaccountof the
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Fig. I. Preparationof modifiedphosphatidylethanolarnines(~-
~).
procedureusedis givenbelow.
1,2-Isopropylidene-sn-glycerol(l) wasprepared
fromD-mannitolessentiallyaccordingto thepub-
lishedmethod[19].Yield65-75%,b.p.70-75°Cj2
mm,[a]~o15.05°at 589nm (neat).Pmax(KBr):
3400(O-H)and1060cm- J (C-O-C);84.1-3.8(m,
I H, C!!), 3.6(d,J =6 Hz, 2 H, C!:!z-O),3.45(d,
J =6 Hz, 2 H, C!h-O), 1.3(s, 3 H, C!!3)' 1.2(s,
3 H, C!!3)'sn-Glycerol-3-benzylether(~)waspre-
paredfrom! essentiallybytheprocedureof Howe
and Malkin [20]. Yield 75-83%, b.p.
145-150°Cj2mm.Pmax(KBr): 3400(O-H) and
1100cm- J (C-O-C);87.15(s,5 H, C6!!s),4.35(s,
2 H, OC!!2-C6HS)'3.9-3.6(m, I H, C!!-O), 3.45
(d,J =6 Hz, 2 H, C!!2-0),3.35(d,J =6 Hz, 2 H,
C!!2-0).
Thebenzylglycerol~wasreactedin chloroform
with palmiticanhydridein thepresenceof trace
amountsof N,N-dimethyl-4-aminopyridine[15]to
give1,2-dipalmitoyl-sn-glycerol-3-benzylther(~).
The productwascrystallizedfromethanol.Yield
66-78%,m.p.44-45°C.Pmax(KBr): 1750(C =0)
and 1160em-I (C-O-C); 87.2 (s, 5H, C6!!s),
5.15-4.9(m,1H, C-!!), 4.4(s,2 H, OC!!2C6HS)'
4.05(d, J =6 Hz, 2 H, C!!2-0),3.5(d, J =6 Hz,
2 H, C!!2-0).
The diacyl benzyl glycerol~was debenzylated
accordingtotheknownmethod[20]togive1,2-di-
palmitoyl-sn-glycerol(4). Yield 76-85%, m.p.
63-65°C.Pmax(KBr): 3500(O-H) and1740cm-J
(C =0); 85.0-4.7(m,I H,C!!),4.1(d,J =6Hz,
2 H, C!!2-0),3.5(bs,2 H, C!!2-0).
I ,2-DipalmitoyI-sn-glycero-3 phosphoethanola-
mine (7a), 1,2-dipalmitoyl-sn-glycero-3-phospho-
propanolamine(7b),1,2-dipalmitoyl-sn-glycero-3-
phospho(a-ethyl)ethanolamine(7c), 1,2-dipal-
mitoyl-sn-glycero-3-phospho(a-phenyl)-ethanol-
amine(7d)and 1,2-dipalmitoyl-sn-glycero-3-phos-
pho(a-benzyl)ethanolamine(7e) were prepared
from 4 by slightmodificationsof thepublished
procedure[21].It wasobservedthatif conversiqn
of ~into 1,2-dipalrnitoyl-sn-glycero-3-phosphoric
aciddicWoride(~)is carriedout at thereported
[21]temperature(+5°C),a largeamountof poly-
mericmaterialis formedwhichrendersit difficult
to isolate~in pure form. However,this reactionat
temperaturesclose to - 10°C yielded~in almost
pure form. Similarly,to avoidtheformationof
3
polymericmaterials,the reactionsof the phos-
phoryldichloride~withaminoalcoholsweredone
at low temperature(approx.- 10°C)ratherthan
at thereported[21]temperature(+ 10°C).Finally,
incompletehydrolysesof the cyclic phosphates
(6a-6e,Fig. I) occurredwhenthesewerecarried
out in thepublishedconditions[21].For complete
hydrolysis,it was found necessaryto carryout
thesereactionsat 40-45°C for 12h. PE analogs
(7a-7e)soobtainedwerepurifiedto homogeneity
usingSephadexLH-20 andpreparativethin-layer
chromatography.
I ,2-Dipalmitoyl-sn-glycero-3-phosphoethanola-
mine(7a)wascharacterizedby its co-chromatog-
raphywith thepuresampleof thisphospholipid,
obtainedfromSigmaChemicalCompany,onTLC
plates.The compounds7b-7ewerecharacterized
by IR, NMR and C, Hand N analyses.The
opticalpurityof theglycerolbackbonein 7a-7e
was establishedby their hydrolyseswith phos-
pholipaseA2. Yield (7a-7e)40-55%.
7b.Pmax(KBr): 1750em-I (C =0); 8 5.3-5.0
(m, I H, C-!!),4.4-5.1(m,4 H, C!!2-0P),4.1-3.9
(m, 2 H, C!!2-0-CO), 3.2-3.0(m, 2 H, C!!2-N).
Analysis:Calcd. for C3gH76NOgP:C, 64.68;H,
10.78;N, 1.99.Found: C, 64.80;H, 10.31;N,
2.21%.
7c.Pmax(KBr): 1750em- J (C =0); 8 5.3-5.0
(m, I H, C-!!),4.3-4.0(m,4 H, C!!2-0P),4.0-3.7
(m, 2 H, C!!2-0-CO), 3.6-3.4(m, I H, C!!-N).
Analysis:Calcd. for C39H78NOgP:C, 66.65;H,
10.80;N, 1.95.Found: C, 66.09;H, 10.85;N,
2.14%.
7d.Pmax(KBr): 1740cm-1 (C=O); 8 7.15(s,
5 H, C6!!5)'5.3-5.0(m, I H, C-!!); 4.4-4.0(m,
4 H, C!!2-0P), 4.0-3.6(m, 3 H, C!!2-0CO and
C!!-N). Analysis:Calcd.for C43H78NOgP.4H20:
C, 61.50;H, 10.25;N, 1.67.Found:C, 61.70;H,
10.30;N, 1.76%.
7e.Pmax(KBr): 1740cm-1 (C=O); 87.15 (s,
5 H, C6!!s),5.0-4.7(m, I H, C-!!), 4.3-2.8(m,
9 H, C!!2-0CO, C!!2-0-P and C!!-C!!2C6HS)'
Analysis:Calcd.for C44HgONOgP.H20:C, 66.08;
H, 10.26;N, 1.76.Found:C, 66.25;H, 10.28;N,
1.69%.
Preparationofsmallunilamellarvesicles
A solutionof eggPC, tracesof 14C-Iabeledegg
PC and varyingmol fractions(10, 20 and 30
4mol%)of oneof thecompounds7a-7ein chloro-
form/methanol(I : I, vIv) mixturewasevaporated
in a glasstubeundera slowjet of N2,resultingin
theformationofa thinlipidfilmonthewallof the
tube.Final tracesof thesolventswereremovedby
leavingthe tubein vacuofor 3-4 h. The lipid
mixturewasdispersedin 10mM phosphatebuffer
(pH 8.5)so as to achievea concentrationof ap-
prox. 6 j.tmolof phosphatidylethanolamines/ml
buffer.It wasvortexedfor 5-10 minat40°C.The
lipid dispersionso obtainedwascarefullytrans-
ferredtoacuvetteandsonicatedatO°CunderN2
atmosphereusinga probe-typesonicator(MSE
150W, 20kHz) to giveanopticallyclearsuspen-
sion (35-45min).Degradationof phospholipids
duringsonicationwasroutinelycheckedby TLC.
No appreciableamountsof lysophospholipidswere
detectedin thesamples.The sonicatedprepara-
tionswerecentrifugedat 105000X g (Ti-50fixed
anglerotor) for 60 min at 10°C to affectthe
removalof titaniumparticlesas well as poorly
dispersedlipids. Only the top two-thirdof the
total supernatantvolumein the centrifugetube
wasusedin thestudy.
Thesizedistributionofvesicleswasanalysedby
chromatographyof the vesiclepreparationson
Bio-GelA-50mcolumn.A downwardflowingcol-
ume(40X 1.2cm)of Bio-GelA-50mmaintained
at constanthydrostaticpressurewasequilibrated
with10mM Tris-HClbuffer(pH 7.2).A measured
aliquot(0.4 ml) of the vesiclepreparationwas
appliedto thecolumnandelutedwith thesame
bufferat6.5mljh. Thevoidvolumeof thecolumn
wasdeterminedby BlueDextran2000.
Thepercentageincorporationsof PE analogsin
vesicleswereestimatedas follows:The liposome-
rich fractionsfrom Bio-GelA-50mcolumnwere
pooledtogetherandthenlipidswereextractedby
Bligh-Dyerextractionprocedure[22].The lipid
mixturewaschromatographedoversilicagel60F-
254 pre-coatedplasticsheets(10X 4 cm). The
spotscorrespondingto eggPC andphosphatidyl-
ethanolaminewereremovedandelutedwithchlo-
roform/methanol(1: 1, vIv) mixture.The total
phosphorusin eachspotwasdeterminedas de-
scribed[16].The amountsof PE incorporatedin
vesiclesin eachcasewere>90%.
Determinationofphosphatidy/ethano/aminedistribu-
tion
PE distributionin th'etwo surfacesof small
unilamellarvesicleswasascertainedessentiallyby
thepublishedprocedure[23].To analiquot(40j.tl)
of vesiclepreparations,containingnot morethan
0.25j.tmolof PE, wereadded10mM phosphate
buffer(pH 8.5;560j.tl)and0.8M NaHC03 (pH
8.5;200j.tl).After vortexingthemixture,a 20-j.tl
aliquotof 1.5%TNBS solutionin 0.8M NaHC03
(pH 8.5)wasaddedandthemixtureincubatedat
20::!:2°C in darkfor differenttimeintervals(10,
20, 30,60, 120and 180min).The reactionwas
terminatedby adding1.2%Triton X-IOO(400j.tl)
in 1.5M HCl. Absorbancewasreadwithin1h at
410nmafterterminationof thereaction.Thetotal
PE contentin vesicleswasdeterminedasfollows:
an aliquotof vesiclepreparation(40j.tl),contain-
ingnotmorethan0.25j.tmolPE, wasdilutedto a
final volumeof 0.6 ml with buffer.To this was
added200 j.tl of 1.6%Triton X-IOO in 0.8M
NaHC03 (pH 8.5).The samplewas mixed.A
20-j.tlaliquotof the1.5%TNBS solutionwasad-
ded.The samplewasvortexedand incubatedin
dark at 20::!:2°C for thesametimeintervalsas
above.After incubation,0.4%Triton X-IOO in
1.5M HCl (400j.tl)wasadded.The samplewas
vortexedand storedin dark.The absorbanceat
410nmwas.readwithin I h of acidification.The
absorbanceat 410nmwaslinearwithconcentra-
tiontoatleast0.8absorbanceunits.
(
ResultsandDiscussion
Thestructuralchangesthatwereintroducedin
thepolarheadgroupof 7a to obtain7b-7ewere
basedon theconsiderationthatthechangeshould
not appreciablyalterthechargepropertiesof the
prototypemolecule.Therefore,only apolar re-
sidueswereusedto affectthealterationsin the
effectivepolarheadgroupvolume(or length)of 7a.
Use of threeor four carbonatomlongaliphatic
hydrocarbonsubstituentswasavoideddueto the
reasonthatsuchgroupsmaysignificantlychange
thesolubilityof thephospholipidpolarheadgroup
in waterandconsequentlytheheadgroupconfor-
mation.The fact thataromatichydrocarbonsare
lesser hydrophobic than the corresponding
aliphatichydrocarbonsbecauseof strongervan
,-
derWaalsattractionbetweenwatermoleculesand
their'IT-electrons[24],it waspresumedthatphenyl
or benzylsubstituentswould provebetterthan
n-propylor n-butylresidues.
Varyingmolfractions(10,20and30%)of 7aor
oneof itsanalogs7b-7eweremixedwitheggPC
and the dried lipid mixtureafter dispersingin
bufferwassonicated.The sonicatedpreparations
werefractionatedby centrifugation.Only those
vesicleswhichwerepresentin thetop70%of the
total supernatantvolumein the centrifugetube
wereusedin thestudy.A portionof vesicleswas
chromatographedoverBio-GelA-50mcolumnto
analysetheirsizedistribution.The typicalelution
profilesof vesiclesfromthecolumnareshownin
Figs.2(10mol%PE) and3(30mol%PE). Mostof
thevesicleselutedmuchafterthevoidvolume(Vo)
of thecolumnand werethereforeconsideredas
smalland unilamellar[25].As indicatedby the
elutionpatterns(Figs.2 and3),replacementof 7a
in vesiclesby anyone of its analogs7b-7edoes
not seemto affectsignificantlythesizedistribu-
tionsofvesicles.Theouterdiameterof thevesicles,
as determinedby negativestainingelectronmi-
croscopy,wasapprox.25-60nm. Percentagein-
corporationsof 7aor itsanalogs7b-7ein vesicles
werealsodetermined.In eachcasetheincorpora-
tionswere>90%.
TransbilayerPE distributionin vesicleswasde-
terminedby labelingthevesicleswith TNBS at
20::!:2°C for differentperiodsof time.Aftereach
time period, the reactionswere terminatedby
loweringthepH of thereactionmediumfrom8.5
to approx.3.Yellowcolorin thesereactionmix-
tureswasmeasuredat410nm[23].Parallelexperi-
mentsin identicalconditionswerealsocarriedout
on lysedvesicles.The amountsof PE labeled,as
judgedby absorbanceat410nm,in lysedvesicles
were invariablyhigherthan that in the intact
vesicles(Figs.4 and5).A continuousrisein the
amountsof labeledPE wasobservedduringthe
first 30min.Theseamountsafterthisperiodre-
mainedalmostconstantupto3h. It wasinferred
from theseexperimentsthat reactionof TNBS
withintactvesiclesresultsin modificationof only
thosePE moleculeswhichare localizedin the
externalmonolayerof smallunilamellarvesicles
bilayer.Usingthe3h absorbancevaluesof lysed
vesiclesas the valuesfor the total amountof
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7ajeggpc.
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vesiclePE, theamountsof externalPE in each
vesiclepreparationwerecalculated.A summaryof
theresultsis givenin TableI.
As maybeseenin TableI, theamountsof the
external7a decreasewith an increasein mole
fractionsof this phospholipidin vesicles.These
resultsarein accordancewiththeearlierobserva-
tionsof Litman[6,7].However,no suchdecrease
wasobservedwhen7awasreplacedby 7b-7ein
vesicles.Theseresults,therefore,stronglysuggest
thatanincreasein thepolarheadgroupvolume(or
length)of 7a rendersit insensitiveto undergo
concentration-dependentchangesin its localiza-
tionin smallunilamellarvesicles.
Phospholipidshavingwidelydifferingthermal
phasetransitiontemperatures(Tm)formseparate
phasesin bilayersattemperaturesbelowtheTmof
the highermeltingcomponent[26,27].The two
phospholipidcomponentsemployedin thepresent
study,i.e.eggPC and7a,areknownto undergo
thermalphasetransitionsat markedlydifferent
temperatures[26,27]andthusarenotlikelytomix
witheachotherat20DC.Inspiteof thefactthat7a
andeggPC mustbeformingtwoseparatephases
TABLEI
LOCALIZA TION OF PHOSPHA TIDYLETHANOL-
AMINES IN THE OUTER SURFACE OF SMALL UNI-
LAMELLAR VESICLES (SUV)
Valuesshownare meanof threedeterminations:tS.D. PC,
phosphatidylcholine;PE, phosphatidylethanolamine.
SUV
7
in smallunilamellarvesiclesbilayersat 20DC,the
amountsof theexternal7ain vesiclesweresimilar
to thatobservedfor eggPE in eggPE/egg PC
vesicles[6,7].This findingsuggeststhatin small
unilamellarvesiclescomprisingof binarymixtures
of phospholipids,the inside-outsidedistributions
of thephospholipidcomponentsareprobablynot
influencedby theirmutualmiscibility.
Severalstudieshaveshownthatthetransbilayer
movement(flip-flop)of phospholipidsin model
membranesystemsi averyslowprocess[3].How-
ever,thisprocessmaybeacceleratedundersome
conditions[5].The fact that therewas no time
dependentincreasein the amountsof labeled
7a-7ein vesicles,it is concludedthattherewere
norapidtransmembranemovementsof7a-7efrom
theinnerto theouterleafletof thesmallunilamel-
lar vesiclesbilayer.
The fractionof phospholipidmoleculesin the
outersurfaceof smallvesiclesis abouttwo-third
andthisfractiondecreaseswithan increasein the
vesiclesize[28].This suggeststhatthedifferences
observedbetweentheamountsof theexternal7a
andtheexternal7b-7ein thepresentstudycould
be dueto variationsin thesizesof vesicles.But
this is not likelybecausetheelutionprofilesof
variousvesiclepreparations,containinga specified
mol fractionof PE, weresimilarfrom Bio-Gel
A-50m column.Therefore,the differencesseen
betweentheamountsof theexternal7a and the
external7b-7emustbe a consequenceof altera-
tionsintroducedin thepolarheadgroupof 7a.
Thechargein thephospholipidheadgrouphas
beenconsideredof primaryimportancein de-
termininglipid distributionin mixed bilayers
[8,9,12].As the chargepropertiesof the polar
headgroupsof thePE analogs(7b-7e)shouldnot
be differentfrom thatof 7a, it is expectedthat
thesephospholipidsmay havetheir transbilayer
distributions imilarto thatof theparentmole-
cule.Since,thesedistributionsweremarkedlydif-
ferent,it is inferredthat the polar headgroup
chargeis not themaindeterminantof thephos-
pholipiddistributionin smallunilamellarvesicles.
Israelachviliandco-workershavedevelopeda
theoryto explainphospholipiddistributionsin
vesicles[29,30].Theseworkershaveclaimedthat
thetransbilayerdistributionofphospholipidscould
Molar Outer PEj
ratio total PE
PE:PC (%)
1:9 73.89:t3.79
2:8 65.58:t0.75
3:7 48.2I :t 1.51
1:9 73.49:t 1.36
2:8 68.87:t 1.77
3:7 64.62:t 1.86
1:9 76.05:t 1.69
2:8 75.02:t2.56
3:7 75.29:t3.09
1:9 78.20:t 1.23
2:8 77.73:t 1.43
3:7 68.26:t 0.66
1:9 77.69:t2.89
2:8 73.70:t 1.37
3:7 69.07:t3.03
jeggPC
7bjeggPC
2!:/eggPC
7djeggPC
.
jeggPC
8be predictedby knowing the optimalhydro-
carbon-waterinterfacialareas,the hydrocarbon
chainvoJumesandcriticallengths,andtheeffec-
tiveheadgrouplengthparameters0, of thecom-
ponents.The fact that all thesefour structural
parametersof 7c-7eareexpectedto besimilarto
thatof 7a,someadditionalfactorslikeintermolec-
ular hydrogenbondformingcapacityand/or the
effectivepolarheadgroupvolumeof phospholipids
mustbetakenintoconsideration.
The area occupiedby each phospholipid
headgroupin theinnersurfaceof smallunilamel-
lar vesiclesis similarto that in planarbilayers
whereasit is largerat theoutersurface[31],sug-
gestingthatthecurvatureof smallvesiclesmayin
somecasesenforcesuchtransbilayerarrangements
whichotherwisearenotfavored.This is consistent
with theobservationsthatthetransbilayerdistri-
bution of PE in small vesiclesvarieswith its
concentrationbut the samelipid in largersize
vesicles(outerdiameter60-80nm)at its varying
concentrationsprefersthe randomdistribution
[23].Besidesthis,thedistributionsof phosphatidic
acid[10]andphosphatidylglycerol[13]arerandom
evenin smallvesicles.Thesefindingsthussuggest
thattheconcentrationdependentchangeseenby
us andalsoby others[6,7]in thedistributionsof
PE musthaveresultedfrom somesuchunique
propertyof thisphospholipidwhichbecomesef-
fectiveonly in the highlycurvedsystems.It is
temptingto speculateherethatthisuniqueprop-
ertyof PE is its capacityto formintermolecular
hydrogenbonds.
Hydrogenbondsarehighlydirectionalin na-
tureandtheireffectiveformationrequiresaspecific
orientationof thedonorandtheacceptorcenters
[32].Suchan orientationmightbe adverselyaf-
fectedby theintroductionof substituentsat the
carbonatomadjacento theaminogroupof 7a
and alsoby increasingthe P-N distance,which
inturn mayresultin differencesbetweenthebe-
haviorsof 7a and its analogs.Therefore,it is
concludedfrom thesestudiesthat the effective
polarheadgroupvolumeand/or hydrogenbond-
ing capacity,rather than the polar headgroup
chargeandtheeffectiveheadgrouplength,arethe
main parameterswhichcontrolthe transbilayer
distributionsof phospholipidsin smallunilamellar
vesicles.Thetermeffectiveheadgroupvolumeused
'-
hereincludesthe volumeof the hydrationshell
whichformsaroundtheheadgroupin water.
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